Abstract-Bisphenol A (BPA) is known as an endocrine disruptor and often is found in landfill leachates. Removal of BPA by green alga, Chlorella fusca, was characterized, because we previously found that various phenols were well removed by this strain, including BPA. Chlorella fusca was able to remove almost all BPA in the concentration range from 10 to 80 M for 168 h under continuous illumination at 18 W/m 2 . At the low light intensity of 2 W/m 2 , 82% of 40 M BPA was removed, and only 27% was removed in the dark. Moreover, C. fusca could remove 90% of 40 M BPA under the 8:16-h light:dark condition, which was almost as high as that under the continuous-light condition. The amount of BPA contained in the cells was less than the amount of BPA removed from the medium. Monohydroxybisphenol A was detected as an intermediate of BPA degradation. Moreover, estrogenic activity that originated from BPA in the culture medium also completely disappeared. Based on these results, BPA was finally degraded to compounds having nonestrogenic activity. Therefore, C. fusca can be considered a useful organism to remove BPA from landfill leachates.
INTRODUCTION
Microalgae frequently have been used in processes for removing pollutants, such as nitrogen and phosphorus, from wastewaters [1] . Biosorption of heavy metals and biodegradation of hazardous organic compounds by microalgae also have been reported [2, 3] . In a previous study, we found that the green alga, Chlorella fusca var. vacuolata IAM C-28, which was obtained from the Institute of Applied Microbiology Culture Collection (Tokyo, Japan), could remove various kinds of phenols, such as chlorophenols, nitrophenols, and bisphenol A (BPA; 2,2-bis(4-hydroxyphenyl)propane), from medium [4] .
Recently, BPA has often been detected in aquatic and soil environments [5, 6] . Bisphenol A has an acute toxicity to aquatic organisms. It was reported that a median lethal concentration for fish is 3 to 15 mg/L and that a median effective concentration for green algae is 1 to 3 mg/L [6] . Because BPA also has endocrine-disrupting activity, it is hazardous to animals even at low concentrations [7, 8] . Bisphenol A is widely used as a material to produce polycarbonate, epoxy resins, flame retardants, and other products. These plastics are finally disposed of into landfills, and BPA often is detected in landfill leachates at higher concentrations than those in environmental water [9, 10] . Therefore, leachates are thought to be significant sources of BPA in aquatic environments. In Japan, landfill sites are categorized into three types depending on waste contents. Waste plastics, rubber, glasses, ceramics, nontoxic metals, and construction scrap materials are disposed of into landfill sites for stable industrial wastes. Industrial wastes containing toxic substances at high level are disposed of into strictly controlled * To whom correspondence may be addressed (nagase@phs.osaka-u.ac.jp).
landfills for industrial wastes. The other industrial and domestic wastes are disposed of into leachate-controlled landfills equipped with a leachate-treatment system. Urase et al. [11] and Yamada et al. [12] reported that more than 90% of the BPA contained in leachates from controlled-type landfill sites was removed by treatment processes consisting of activated sludge method, coagulation, sedimentation, sand filtration, and activated carbon adsorption. However, BPA also is detected in leachate from landfill sites for stable industrial wastes, which are not equipped with a leachate-treatment system [11, 12] . Because the cost of the usual leachate-treatment system is high, a low-cost treatment system is required to remove BPA in leachates from open-landfill sites.
The present report focuses on the utilization of microalgae for removing BPA from landfill leachates. We evaluated the ability of C. fusca to remove BPA in batch experiments under light, dark, and light-dark cycle conditions. We also investigated the degradation of BPA by the cells, and then we identified an intermediate of BPA degradation. The disappearance of estrogenic activity originated from BPA in the culture medium also was analyzed by the yeast two-hybrid assay [13] .
MATERIALS AND METHODS

Microorganism and culture condition
Chlorella fusca was precultivated in a modified Bristol medium at 27.5ЊC under continuous illumination with white fluorescent light at an intensity of 18 W/m 2 and aerated with air containing 1% CO 2 . After 7 d, cells were harvested and inoculated into a 100-ml glass test tube as described previously [4] . Algal cells were cultivated under the same conditions as used for precultivation with 40 M BPA as basal condition for BPA removal. To evaluate the ability of C. fusca for BPA removal, the BPA concentration was varied from 10 to 160 M. To examine the effect of illuminating conditions on BPA removal, the light intensity was changed from 0 to 36 W/m 2 at the surface of the glass test tube, and the effect of a lightdark cycle (8:16-h light:dark photoperiod; light intensity, 18 W/m 2 ) also was investigated. The concentration of BPA and the cell density were measured every 24 h after addition of BPA. All the batch experiments were undertaken in triplicate.
Analytical methods
The cell growth was evaluated by the optical density at 680 nm and measured by a spectrophotometer (U-2000; Hitachi, Tokyo, Japan). The concentration of BPA was measured using a high-performance liquid chromatography (HPLC) system (D-7000 series; Hitachi) with a diode-array detector (L-4500; Hitachi) at 280 nm. The pretreatment method for the HPLC sample was as follows: The culture (2 ml) was centrifuged (11,000 g, 4ЊC, 5 min), 200 l of the supernatant were mixed with 20 l of 6 N HCl to remove proteins, and a second centrifugation was performed (17,360 g, 4ЊC, 11 min). The supernatant (40 l) was then injected into the HPLC system, which was equipped with a reversed-phase column (250 ϫ 4.6 mm I. D., 5 mm; Mightysil RP-18; Kanto Chemical, Tokyo, Japan). Acetonitrile/50 mM potassium dihydrogenphosphate buffer (pH 2.5; 50/50 [v/v]) was used as the mobile phase at a flow rate of 0.7 ml/min. Degradation intermediates of BPA were identified using the HPLC-mass spectrometry (LC-MS) system (LCQ Advantage; Thermo Finnigan, San Jose, CA, USA) with an electrospray ionization interface. The HPLC sample (50 l) was injected into the LC-MS system equipped with a reversed-phase column (250 ϫ 4.6 mm I. D., 5 mm; L-column; Chemical Evaluation and Research Institute, Tokyo, Japan). Water/acetonitrile (60/40 [v/v]) was used as the mobile phase at a flow rate of 1.0 ml/min. The electrospray ionization interface was operated in a negative-ion mode.
Extraction of BPA from algal cells
Chlorella fusca was cultivated in the presence of 40 M BPA in the light at 18 W/m 2 . Algal cells were harvested from 5 ml of culture by centrifugation (845 g, 5ЊC, 5 min) and washed three times with distilled water. Cell pellets were resuspended in 5 ml of distilled water. After ultrasonic disruption (Sonifier 450; Branson, Danbury, CT, USA) of the cells, 12.5 ml of methanol and 6.25 ml of chloroform were added. This solution was shaken for 1 h. Next, 6.25 ml of distilled water and 6.25 ml of chloroform were added to the solution, and the organic phase was collected by centrifugation (845 g, 5ЊC, 5 min). This treatment was repeated four times. Chloroform was evaporated completely from the organic phase by a rotary evaporator. The residual matter was dissolved in 10 ml of methanol and then analyzed by HPLC.
Chemical oxidation of BPA by Fremy's salt
Bisphenol A was oxidized by potassium nitrosodisulfonate (Fremy's salt; Sigma-Aldrich, St. Louis, MO, USA) to prepare monohydroxybisphenol A according to a previously reported method [14] . Fremy's salt (0.1 g) was added to 66 ml of 25 mM sodium dihydrogenphosphate buffer solution containing 13 mM BPA in a 200-ml Erlenmeyer flask. The mixture was shaken for 20 min at 25ЊC and then extracted with chloroform. After the organic phase was collected and chloroform evaporated, the residual matter containing red crystals was dissolved in 10 ml of ethanol. The solution was analyzed by LC-MS.
Estrogenic activity of the culture supernatant
The estrogenic activity of the culture supernatant was estimated by a two-hybrid yeast assay using the recombinant yeast Saccharomyces cerevisiae Y190 with pGBT9-ER LBD and pGAD424-TIF2 as described by Nishikawa et al. [13] with some modifications. Then, 250 l of the supernatant of the C. fusca culture containing BPA or of that containing ethanol as a negative control were mixed with 200 l of synthetic dextrose medium. The yeast, which had been precultured for 48 h, was added to the mixture at a volume of 50 l and then cultivated for 4 h at 30ЊC in a culture-tube rotator (LD-76; Labinco B.V., Breda, The Netherlands) at 30 rpm. After the optical density at 595 nm (OD 595 ) of the culture was measured, the yeast cells were collected by centrifugation (1,100 g, where t is the time of reaction (90 min) and v is the volume of mixture used in the assay (0.05 ml).
RESULTS
Effects of initial BPA concentration on its removal and algal growth
The effect of initial BPA concentration on its removal was investigated. The concentration of BPA in uninoculated media was found not to decrease (data not shown). Chlorella fusca was cultivated with BPA in the concentration range from 10 to 160 M for 168 h under the continuous-light condition (18 W/m 2 ). Figure 1 shows the BPA removal and cell growth. More than 95% of BPA was removed at the concentration between 10 and 80 M, although only 70% of 160 M BPA was removed. Therefore, it can be assumed that BPA was removed by the algal cells. This strain grew well in the BPA concentration range from 10 to 40 M. Because the concentration of BPA in Japanese landfill leachates generally was lower than 40 M [9] [10] [11] [12] , the initial BPA concentration was set at 40 M for subsequent experiments.
Effects of light condition on BPA removal
To investigate the effects of light intensity on BPA removal, C. fusca was cultivated in the light-intensity range from 0 to 36 W/m 2 for 168 h (Fig. 2) . The growth rates of this strain decreased with decreasing light intensity, and growth did not occur in the dark. The BPA removal was 98% at 36 W/m 2 and 82% at 2 W/m 2 , although the removal decreased to 27% in the dark. Therefore, light illumination was an important parameter for achieving a high ability to remove BPA. Removal of BPA under the 8:16-h light:dark photoperiod (light intensity, 18 W/m 2 ) also was investigated (Fig. 3) . Chlorella fusca grew well and removed 90% of BPA, a result not very different from that obtained under continuous light (18 W/m 2 ) for 168 h.
Biodegradation of BPA by C. fusca
To determine whether BPA was degraded by the cells or simply accumulated in the cells, the amount of BPA in the cells cultivated at 18 W/m 2 was analyzed (Fig. 4) . The amount of BPA contained in the cells was significantly less than the amount of BPA removed from the medium. At the end of the cultivation time, BPA in the cells finally was decreased below the detection limit of HPLC analysis. This result indicates that BPA removal by C. fusca was caused by biodegradation by the cells rather than by simple accumulation in the cells.
On the HPLC chromatogram, an unknown peak at 8.2 min was observed in the culture medium in the light. A typical chromatogram is shown in Figure 5a . At 2 W/m 2 , this peak area increased with decreasing BPA until 72 h and then decreased (data not shown). This peak was analyzed by LC-MS, and the mass spectrum of it revealed a parent-ion peak [M-1] Ϫ at m/z 243.11 (Fig. 6a) . Because the molecular weight of BPA is 228.29, it was suggested that hydroxylation occurred in BPA. Based on these LC-MS results, this compound was thought to be monohydroxybisphenol A, an intermediate of BPA degradation by C. fusca. Atkinson and Roy [14] reported that monoquinone and monohydroxy derivatives of BPA were produced by BPA oxidation using Fremy's salt, strong oxidizing agent, and treatment with 1 N HCl. Therefore, monohydroxybisphenol A was produced according to their method and compared with the intermediate of BPA degraded by C. fusca using HPLC and LC-MS. The BPA degradation intermediate showed the same retention time (8.2 min) and mass spectrum as those of monohydroxybisphenol A (Figs. 5b and 6b) .
Disappearance of estrogenic activity in the culture
To determine if estrogenic activity originated from BPA in the culture medium of C. fusca was decreased on BPA removal, the change of this activity was analyzed by yeast twohybrid assay (Fig. 7) . The activity decreased with decreasing BPA concentration and then completely disappeared.
DISCUSSION
In the present study, the green alga C. fusca well degraded BPA in the concentration range from 10 to 80 M in the light (Fig. 1a) . Yamamoto et al. [9] reported that the highest BPA concentration detected in landfill leachates was 75 M, indicating that it is possible for C. fusca to remove BPA at this concentration. Several reports have appeared regarding the removal of BPA by bacteria. The gram-negative bacterium strain MV-1, isolated from the sludge of a wastewater treatment plant at a plastic manufacturing facility, was able to use BPA as a sole carbon and energy source. This bacterium removed 1.1 mM BPA completely from culture for 4 h [15] . Ronen and Abeliovich [16] reported that the gram-negative bacterium WH1, isolated from BPA-contaminated soil, removed 900 M BPA completely from culture for 96 h. Kang and Kondo [17] reported that two Pseudomonas strains isolated from a riverwater sample in Japan removed approximately 90% of 4 M BPA for 240 h. However, these heterotrophic bacteria sometimes are difficult to use directly for treatment of BPA in landfill leachates, because the level of biologically available organic carbon sources usually is low. Therefore, it is necessary to add an external organic carbon source to maintain the biomass and the ability to remove BPA. On the other hand, microalgae can grow by using CO 2 as a carbon source. In this case, no need exists to supply any organic carbon sources. Therefore, C. fusca is thought to be useful to remove BPA contained in landfill leachates. Chlorella fusca showed a high ability to remove BPA in the light-intensity range of 2 to 36 W/m 2 , although this ability for removal decreased in the dark (Fig. 2) . These results suggest that the light-illumination during cultivation is an important factor for the treatment of BPA by C. fusca. Bisphenol A also was removed in the light-dark cycle (Fig. 3) , indicating that C. fusca would be a useful organism for BPA removal in the day-and-night cycle at most temperate or tropical outdoor sites.
As shown in Figure 4 , the taken-up BPA was degraded in the cells. The degradation intermediate of BPA by C. fusca was identified as monohydroxybisphenol A, and this compound disappeared in the subsequent cultivation. Therefore, monohydroxybisphenol A would be a primary intermediate of BPA degradation in the light. In the case of bacteria, several intermediates of BPA degradation have been reported. The MV-1 strain has two pathways for BPA degradation [15, 18] . The major pathway produces two primary intermediates, 4- hydroxybenzoic acid and 4-hydroxyacetophenone, and these intermediates were not detected in the case of C. fusca. On the other hand, monohydroxybisphenol A was reported as an intermediate of BPA degradation by potato (Solanum tuberosum) [19] . The BPA degradation pathway of C. fusca is similar to that in higher plants and not bacteria. The reported degradation intermediates of BPA by heterotrophic bacteria have lower estrogenic activity compared with BPA [20] . The estrogenic activity also disappeared with the degradation of BPA by C. fusca (Fig. 7) , indicating that C. fusca degrades BPA to intermediates with no estrogenic activity, including monohydroxybisphenol A. Therefore, it is possible to decrease the environmental effect of BPA using C. fusca.
The present study is, to our knowledge, the first to show that microalga C. fusca has the ability to degrade BPA. Microalgae have been employed to remove nitrogen and phosphorus in domestic wastewater by using a large-scale pond system. A similar system would be possible to remove BPA from landfill leachates, although further detailed studies will be required to achieve practical outdoor cultivation of C. fusca that maintain a high ability for BPA removal.
